Oncolytic virotherapy is a promising novel therapy for glioblastoma that needs to be optimized before introduced to clinic. The targeting of conditionally replicating adenoviruses (CRAds) can be improved by relying on the tumor-tropic properties of neural stem cells (NSCs). Here, we report the characterization of an FDA approved NSC, HB1.F3-CD, as a cell carrier for CRAd-S-pk7, a glioma-tropic oncolytic adenovirus. We show that NSCs replicate and release infectious CRAd-S-pk7 progeny capable of lysing glioma cell lines. Moreover, ex-vivo-loaded NSCs, injected intracranially in nude mice bearing human glioma xenografts (i) retained their tumor tropism, (ii) continued to replicate CRAd-S-pk7 for more than a week after reaching the tumor site and (iii) successfully handed off CRAd-S-pk7 to glioma cells in vivo. Delivery via carrier cells reduced non-specific adenovirus distribution in the mouse brain. Moreover, we assessed biodistribution of loaded NSCs after intracranial injection in animal models semipermissive to adenovirus replication, the Syrian hamster and cotton rat. NSCs did not migrate to distant organs and high levels of CRAd-S-pk7 DNA were observed only in the injected hemisphere. In conclusion, this optimized carrier system, with high efficiency of adenovirus delivery and minimal systemic toxicity, poses considerable advantages for anti-glioma oncolytic virotherapy.
INTRODUCTION
Glioblastoma (GBM) is the most common primary brain tumor and portends the worst prognosis among all central nervous system malignancies. 1 The mean overall survival has only slightly improved over the last 30 years. 2 The current standard of care relies on surgical resection, fractionated radiotherapy and chemotherapy. 3 The therapeutic efficacy of most of these treatment modalities is limited owing to the invasive nature of the tumors. By the time gliomas are diagnosed they have already infiltrated diffusely and thus are extremely difficult for complete surgical resection therefore limiting the benefits of gross total removal. The low oxygen level in the glioma environment negatively affects radiotherapy; 4 while cellular heterogeneity and glioma stem cells account for the emergence of resistance to therapeutic regimens. 5, 6 Therefore, there is an urgency to develop novel therapies capable of overcoming the common resistance mechanisms of gliomas. 7 One such therapy involves harnessing oncolytic viruses to kill glioma cells. The concept of exploiting viruses, for their oncolytic potential, has a century-old history, but only within the last 20 years has this approach been considered for the treatment of brain tumors. 8 Our lab has been focused on conditionally replicating adenoviruses (CRAds) because of their proven efficacy in preclinical glioma models. 9 CRAd-S-pk7, the vector that we intend to bring into clinical trials, consists of two genetic modifications: (i) a fiber modification containing polylysine that binds with high affinity to heparan sulfate proteoglycans and (ii) E1A transcription under the control of survivin promoter. 9--11 These modifications provide CRAd-S-pk7 the necessary tumor specificity allowing for selective replication in glioma cells and minimal toxicity to normal brain tissue. 9 Furthermore, CRAds have the capacity to kill different subsets of glioma cells without being confined to the resistance of conventional therapies. 12 Therefore, they hold a great promise in the armamentarium against gliomas.
There have been at least six formal clinical trials using oncolytic viruses to treat malignant brain tumors. 13, 14 Despite some degree of therapeutic efficacy shown in these clinical trials, overall, they have fallen short of expectations. Most oncolytic viral agents, including CRAd, face some challenges before they can be translated into therapies. Issues pertaining to the successful clinical translation of oncolytic virotherapy for gliomas are as follows: (i) the limited distribution of viral vectors after intratumoral injection, (ii) the immune clearance induced shortly after injection and (iii) the inability of the currently available vectors to target disseminated tumor burdens. To overcome these hurdles, cell carriers have been used to improve targeting and distribution while reducing the immune response toward viral vectors. 15--17 Numerous carrier cell/oncolytic virus combinations are currently under investigation. 18, 19 Each represents a unique biotherapeutic system with different kinetics of therapeutic virus replication, in-vivo tumor-homing ability and thus must be examined extensively.
Our laboratory along with others is actively pursuing the development of a stem cell-based carrier system for anti-glioma oncolytic virotherapy. Recently, we have shown neural stem cell (NSC) carriers to be superior to mesenchymal stem cells in delivering CRAd-S-pk7 to orthotopic glioma models and therefore NSCs enhance the therapeutic potential of oncolytic virotherapy. 18 To progress to a clinical trial, it is necessary to characterize and quantify the pharmacokinetic properties of NSCs as cell carriers. Here, we report a thorough characterization of a Food and Drug Administration (FDA) approved immortalized NSC line (HB1.F3-CD) as an effective cell carrier for CRAd-S-pk7. 20 First, we provide evidence of the NSC's potential of replicating and releasing infectious progeny that can kill glioma cell lines. Then, we show that, in nude mice bearing orthotopic human glioma, NSCs do not alter their inherent tumor-tropic properties post infection and produce infectious virus progeny for more than a week after reaching the tumor site. Furthermore, we observed that the NSCbased cell carrier significantly reduced the non-specific therapeutic virus distribution in the animal brain. Finally, to better characterize the systemic biodistribution of adenovirus after intracranial (IC) injection of NSCs loaded with CRAd-S-pk7, we utilized cotton rats and hamsters, two pre-established semipermissive animal models. We show that carrier cells do not disseminate to distant organs and high titers of infectious progeny are present only at the injected hemisphere. Thus, the unique tumor-tropic properties of NSCs combined with an improved safety profile of IC adenovirus injection brings this cell-carrierbased anti-glioma oncolytic virotherapy one step closer to clinical trials.
MATERIALS AND METHODS

Cell lines and vectors
HB1.F3-CD is a v-myc immortalized human NSC (hNSC) line, derived from the human fetal brain that constitutively expresses cytosine deaminase (CD). 20 NSCs were maintained as adherent cultures in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 2 mmol l À1 L-glutamine, 100 units ml À1 penicillin, 100 ug ml À1 streptomycin and 0.25 ug ml À1 amphotericin B (Invitrogen, Carlsbad, CA). U87MG, U251MG, U118MG and A549 carcinoma cell lines were purchased from the American Type Culture Collection (Manassas, VA); while N10 glioma was purchased from the Japanese Tumor Tissue Bank (Tokyo, Japan). All cells were grown in a minimal essential medium with 10% fetal bovine serum, 100 mg ml À1 penicillin and 100 mg ml À1 streptomycin.
The replication competent adenoviral vector CRAd-S-pk7 harbors two genetic mutations: 9,11 (a) fiber modification was achieved by insertion of 7 poly-lysine repeats (pk7) in the C-terminal of knob domain; while (b) human survivin promoter drives expression of the E1A region.
Generation of green fluorescent protein (GFP)-or firefly luciferase (Fluc)-expressing HB1.F3-CD To detect the distribution of NSCs in vivo, we generated a GFP-and Flucexpressing HB1.F3-CD. GFP expressing cells were infected with a replication-incompetent retroviral construct; whereas for Fluc we infected cells with a replication-incompetent lentiviral vector, as described in detail elsewhere. 17 We used 4 mg ml À1 puromycin in Dulbecco's modified Eagle's medium media to isolate stable expressing clones.
Antibodies and other reagents
For flow cytometer, cells were stained with mouse anti-human CAR (Abcam, Cambridge, MA), CD138, avb3, avb5 (Ebioscience, San Diego, CA) and rat anti-human perlecan; followed by AlexaFluor647 (Invitrogen)conjugated secondary antibodies. Adenovirus-transduced cells were detected using a goat anti-hexon fluorescein isothiocyanate (FITC)conjugated antibody (Millipore, Billerica, MA). For immunofluorescence, FITC-conjugated anti-GFP antibody, biotin-conjugated anti-hexon and FITC-conjugated immunoglobulin controls were purchased from Abcam; human CD44 rabbit monoclonal antibody purchased from Epitomics (Burlingame, CA); AlexaFluor555-streptavidin and Alexafluor350 donkey anti-rabbit were purchased from Invitrogen.
Flow cytometry
For detection of surface receptors, cells were detached using trypsin/EDTA and stained with primary antibodies for 1 h at 4 1C, followed by secondary antibodies for 30 min at 4 1C. For quantification of adenovirus transduction of HB1.F3-CD, 48 h after infection, cells were detached, washed with phosphate-buffered saline (PBS) and then permeabilized with a methanol/ acetone solution (as per Millipore protocol) before staining with FITCconjugated goat anti-hexon. Cells were analyzed using a BD FACSCanto cytometer (Becton Dickinson, Franklin Lakes, NJ) and graphs were rendered using the FloJo software (TreeStar, Ashland, OR).
Cell viability assays
NSC and glioma viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation kit (Roche Diagnostics, Mannheim, Germany). Briefly, in a 96-well plate we plated 3000 cells per well, the day before infection. NSCs were infected with different concentrations of CRAd-S-pk7; instead glioma cells were incubated with the supernatant of previously infected NSCs. The viability was determined 3 days later, as described by the manufacturer's protocol.
Viability of glioma cells after incubation with the supernatant of previously infected NSCs was also assessed by Crystal violet. NSCs were infected earlier with CRAd-S-pk7 at different concentrations 1, 10, 50 and 100 infectious units per ml (i.u. ml À1 ). After five days, the supernatant was collected and used to infect glioma cell lines and A549 carcinoma plated in 24-well plates. After 3 days viability was determined. Shortly after aspirating the media the cell layer was covered with the Crystal violet solution (1%) and incubated for 20 min at room temperature. Then wells were washed carefully and let dry at room temperature. Images were taken with an inverted microscope.
Determination of adenoviral E1A copies via quantitative PCR
Total DNA from cultured cells or animal tissues was extracted using the DNeasy Tissue Kit (Qiagen, Valencia, CA). Adenoviral E1A gene expression was quantified via quantitative real-time PCR using iQ SYBR green supermix (Bio-Rad, Hercules, CA), using primers described elsewhere. 21 For each animal model, we generated separate standard curves of E1A copies containing 100 ng of DNA. The sensitivity of this assay was set to detect as low as 5 E1A copies per 100 ng of DNA (Supplementary Figure  S1 ). All samples were run in triplicates using an Opticon2 system (Bio-Rad). Results are expressed as E1A copy number per 100 ng of DNA.
Immunohistochemistry
For immunohistochemistry, brains were sectioned in 10-mm thick sections. After thawing, sections underwent fixation/permeabilization with a solution of 50/50 acetone--methanol, at À20 1C for 5 min. Then, the slides were washed with ice-cold PBS and blocked with 10% bovine serum albumin for 30 min. We incubated overnight at 4 1C with primary antibodies and 1 h at room temperature with the secondary antibody. After washing the excess antibody, slides were mounted with Prolong Gold antifade reagent with 46-diamidino-2-phenyl indole (Invitrogen). Fluorescent images were documented with an inverted Axiovert200 Zeiss microscope (Carl Zeiss Microscopy, Thornwood, NY).
In vivo tracking of NSCs with bioluminescence imaging
For in vivo tracking of NSC migration to the tumor, we relied upon photonflux imaging. 17 Mice were imaged for Fluc activity following intraperitoneal injection of D-luciferin (4.5 mg per animal in 150 ml saline), and photon counts were recorded 10 min after D-luciferin administration by using a cryogenically cooled high-efficiency charged-coupled device camera system (Xenogen IVIS200 Optical Imaging System, Caliper Life Sciences, Mountain View, CA).
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Determination of adenoviral progeny titers
For quantification of the infectious progeny released or inside the NSCs, the supernatant and cell mass were collected separately. Cells were resuspended in 200 ml of PBS and freeze thawed three times to release the viral progeny. Then, the supernatant and the cell suspension were centrifuged for 5 min at 4000 r.p.m. to spin down the cell debris, and 20 ml from each sample was used to infect a confluent layer of 293-Human Embryonic Kidney cells, as per Adeno-X Rapid Titer Kit protocol (Clontech, Mountain View, CA). After 48 h, the cell layer was fixed/permeabilized with methanol and stained for hexon plaques. i.u. ml À1 values quantified through this protocol are similar to plaque forming units. For determination of adenoviral titers in animal organs, the tissue was collected at the time points indicated, resuspended in PBS to provide a concentration of 1 mg ml À1 and then homogenized. For each sample, the same amount of tissue, in 50 ml, was freeze thawed three times, the debris was spun down and 20 ml was used to infect 293-Human Embryonic Kidney cells, as above. Instead, for determination of circulating infectious viral progeny titers in animals, we analyzed their serum by using the same protocol.
Detection of v-myc-positive NSCs via nested PCR
We relied on a two-step nested PCR to detect the presence of v-myc in animal tissues. In the first step, a 588-bp region from the v-myc gene was amplified using forward primer 5 0 -CCTTTGATTTCGCCAAT-3 0 , reverse 5 0 -GCGAGCTTCTCCGACACCACC-3 0 . By using 1 ml from the first PCR and a second pair of primers: forward 5 0 -TCACAGCCAGATATCCAGCAGCTT-3 0 , reverse 5 0 -ACTTCTCCTCCTCCTCCTCG-3 0 , we amplified a 166-bp sequence from the v-myc gene. As a DNA loading control we used a house-keeping gene, GAPDH: forward primer 5 0 -CATTGACAACTACAT-3 0 and reverse 5 0 -TCTCCATGGTGGTGAAGAC-3 0 , to amplify a 220-bp sequence. The sensitivity and specificity was determined by spiking animal DNA with different dilutions of human NSCs DNA (Supplementary Figure S2 ). PCR products were resolved on a 2% agarose gel, stained with ethidium bromide and bands were quantified using the Chemidoc Gel documentation system (Bio-Rad).
Ex-vivo loading
The total number of cells to be injected in vivo was based on our previous studies, where we reported that infection with 50 i.u. per cell of CRAd-S-pk7 virus resulted in maximum progeny released over time with minimum toxicity to carrier cell and proved superior survival benefit to gliomabearing mice. 17, 18 To optimize the ex-vivo loading protocol, we first examined infection efficiency of CRAd-S-pk7 virus. For this, cell suspension and monolayer of HB1.F3.CD cells were incubated with Dulbecco's modified Eagle's medium (10% fetal bovine serum) containing 50 i.u. per cell CRAd-S-pk7 virus for 1, 2 and 4 h. Infected cells were then washed and cultured for 24 h. Cells were then harvested and subjected to fluorescenceactivated cell sorting analysis with goat anti-hexon FITC-conjugated antibody (Millipore), and the measurement of viral DNA replication was done by the PCR method as described previously.
Animal experiments
Animals were cared for according to a study-specific animal protocol approved by The University of Chicago Institutional Animal Care and Use Committee. IC engraftment, distribution and survival of HB1.F3.CD-GFP loaded or not with CRAd-S-pk7 were studied in normal mouse and hamster brains and in the presence of orthotopic U87 human glioma xenografts in nude mice. In brief, 7-to 8-week-old male nude mice (Harlan Laboratories, Madison, WI) were anesthetized with an intraperitoneal injection of ketamine hydrochloride (25 mg ml À1 )/xylazine (2.5 mg ml À1 ) cocktail. For IC injection, a midline incision was made, and a 1-mm burr hole centered 2 mm posterior to the coronal suture and 2 mm lateral to the sagittal suture was made. Animals were placed in a stereotactic frame and injected with a 26-Gauge Hamilton needle 2 Â 10 5 U87 cells or PBS, in 2.5-ml volume, 3 mm deep into the brain. After 21 days of tumor implantation, mice were injected IC, using the same burr hole as above, with 5 Â 10 5 HB1.F3.CD-GFP loaded or not with 50 i.u. per cell of CRAd-S-pk7.
For determination of HB1.F3.CD-GFP cell viability after IC injection, mice were killed at the described time points. Their brains were snap frozen in a mixture of 2-N-methyl-bromide and methyl-butane, then cut coronally at the injection site in two pieces and embedded with optimal cutting temperature (OCT) medium in a dry ice-methylbutane bath. Sections of 10 mm, spanning B2 mm of tissue, were stained with the described antibodies. The selection criteria for high-power field were based on quantifying those areas with the highest number of HB1.F3.CD-GFP cells. That meant counting GFP-positive cells at the injection site in normal mouse brains; while in glioma-bearing mice we counted cells on the tumor-normal brain interface. The mean number of GFP ( þ ) positive per high-power field ( Â 630) was plotted to compare between different groups.
Four-to five-week-old male hamsters (Harlan Laboratories) were anesthetized with an intramuscular injection of ketamine hydrochloride (25 mg ml À1 ) and injected IC as above with 5 Â 10 5 HB1.F3-CD-GFP loaded or not with 50 i.u. per cell of CRAd-S-pk7, 5 mm deep into the brain. Hamsters were killed on day 1, 7 and 30; then brains were processed as above.
IC CRAd-S-pk7 replication delivered by direct injection or loaded onto carrier cells, HB1.F3-CD, was quantified via real-time PCR and titer assay. Three weeks after injecting 2 Â 10 5 U87 cells IC, we injected in the same location either 2.5 Â 10 7 i.u. CRAd-S-pk7 per animal or 5 Â 10 5 HB1.F3-CD loaded with 50 i.u. per cell of CRAd-S-pk7. Animals were killed 4, 7 and 14 days later; their brain hemispheres separated and then homogenized. Viral replication was quantified via qPCR for adenoviral E1A and by using the Adeno-X Rapid Titer Kit (Clontech) for progeny.
Systemic distribution and replication of CRAd-S-pk7 delivered IC by HB1.F3-CD carrier cells were studied in hamsters and cotton rats. Cotton rats were anesthetized with an intraperitoneal injection of ketamine hydrochloride (25 mg ml À1 )/xylazine (2.5 mg ml À1 ) cocktail, while hamsters underwent the same procedure as above. A total of 5 Â 10 5 HB1.F3-CD cells loaded or not with 50 i.u. per cell of CRAd-S-pk7 were injected per animal. Animals were killed at the indicated time points and their brain hemispheres separated (the injected right hemisphere vs left hemisphere).
To quantify systemic adenovirus distribution, we harvested the serum, lungs, kidneys, liver and spleen from each animal. All tissues were weighed; the same amount of PBS (ml) per mg tissue was added and then homogenized. Total DNA was isolated form animal tissues using the DNeasy Tissue Kit (Qiagen). Adenoviral E1A gene expression was quantified by quantitative real-time PCR using iQ SYBR green supermix from Bio-Rad. All samples were run in triplicates using an Opticon2 system (Bio-Rad). Results are expressed as E1A copy number per 100 ng of DNA. Adenoviral titers in animal's tissues and serum (Table 1) were determined.
Statistical analysis
The statistical analysis presented was performed using the GraphPad Prism Software, v4.0. (GraphPad Software, La Jolla, CA). Where applicable a standard independent two-sample t-test was applied. A P-value o0.05 was considered statistically significant (***P o0.001; **P o0.01 and *P o0.05).
RESULTS
Permissiveness of HB1. F3-CD NSC carrier for CRAd-S-pk7 infection
The ultimate goal of ex-vivo loading is to effectively infect as many carrier cells as possible. Thus, to evaluate the permissiveness of NSC to CRAd infection, we first examined the expression of adenovirus cell attachment and internalization receptors in NSCs (Figure 1a ). Although NSCs expressed minimal levels of the adenovirus primary attachment receptor CAR, about 50% of NSCs expressed CD138, one of many heparan sulfate proteoglycans that can function as a primary binding receptor. Also, 91% of NSCs expressed the a v b 5 internalization receptor.
To establish an optimal loading dose for in vivo delivery, an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was performed to evaluate the toxicity induced by CRAd-S-pk7 virus during this process (Figure 1b ). At the low dose (1--10 i.u. per cell) CRAd-S-pk7 did not induce toxicity to NSCs. However, the viability was reduced about 25% at the dose of 50 i.u. per cell and about 50% when NSCs were infected with 100 i.u. per cell.
Next, to establish the replication kinetics of CRAd-S-pk7 in NSCs, we infected/loaded them with varying concentrations of CRAd. As shown in Figure 1c , the viral DNA replication at day 3 was highest when loaded with 50 i.u. per cell, amounting to 1.6 Â 10 6 E1A copies per ng of DNA. At this loading dose, the viral burst size was about 5 and 2 fold larger than the loading dose of 1 and 10 i.u. per cell, respectively (**P ¼ 0.002 and *P ¼ 0.024). When NSCs were loaded with 100 i.u. per cell, the CRAd-S-pk7 DNA replication did not improve significantly as compared with 50 i.u. per cell (P ¼ 0.56), and NSC viability was significantly reduced at this level. Combining toxicity data along with DNA replication data, a loading dose of 50 i.u. per cell was selected to further evaluate NSCs as a carrier system for oncolytic virotherapy. At this loading dose, viral DNA replication continued to increase up to 7 days post infection ( Figure 1d ).
Our next objective was to establish an optimal exposure time to achieve maximum infectivity/loading, while minimizing oncolytic virus-mediated toxicity. We measured adenovirus transduction rate by analyzing Ad-hexon expression and viral DNA replication after varying CRAd-S-pk7 incubation times with both HB1.F3-CD adherent monolayer and suspension cells (1--4 h). After incubating NSCs in suspension at the loading dose of 50 i.u. per cell for 2 h, a maximum loading/infection of the CRAd-S-pk7 was achieved (**P ¼ 0.002; Figures 1e and f). On the basis of these data, we decided to load/infect NSCs in suspension at the loading dose of 50 i.u. per cell for 2 h for our future experiments.
HB1.F3-CD loaded with CRAd-S-pk7 produces infectious progeny and induces glioma cell oncolysis To assess the ability of this carrier system to produce infectious adenoviral progeny, we incubated tumor cells with the supernatant of previously infected HB1.F3-CD cells. At day 5 post infection the intracellular virus titer reached its maximum. At day 7 post infection, the intracellular viral titer decreased as the titer of the cell-free viral progeny reached its maximum level, indicating that it takes about 5--6 days for the CRAd-S-pk7 to complete its life cycle in the HB1.F3.CD carrier system (Figure 2a ).
Next, to evaluate the oncolytic capacity of the viral progeny released from CRAd-S-pk7-infected NSCs, a panel of four human glioma cell lines was exposed to the supernatant of NSCs loaded/ infected with various doses of CRAd-S-pk7 for 120 h. Figure 2b is a pictorial representation of tumor cell toxicity produced by the therapeutic viral progeny from infected HB1.F3-CD cells. Regardless of the loading dose, the released CRAd-S-pk7 viral progeny was able to induce tumor cell killing in all tested glioma cell lines at day 3 post incubation ( Figure 2c) . As compared with the tested glioma cell lines, NSC carrier cells were much more resistant to CRAd-S-pk7-mediated oncolysis (Figures 1b and 2c ). 18 Distribution of the CRAd-S-pk7-loaded HB1.F3-CD carrier cells in nude mouse brains The intrinsic tumor-homing properties of NSCs are the key attribute to their utility as a cell carrier for oncolytic virotherapy. Therefore, it is of paramount importance to examine how adenovirus loading affects the engraftment, distribution and survival of the implanted NSC in the animal brain. To monitor the implanted stem cell distribution effectively, the HB1.F3-CD cells were further modified to express GFP by using a replicationincompetent retroviral vector, as described in Materials and Methods. A total of 5 Â 10 5 NSCs loaded with or without the CRAd-S-pk7 virus (50 i.u. per cell) were stereotactically implanted in the brains of nude mice. Viability and distribution of NSCs were assessed at the indicated time points (1, 5, 12 and 17 days post NSC implantation) via immunohistochemistry. On day 1 (Figure 3a) , a majority of the implanted cells were localized and clumped together at the injection site. On day 5, the clumping was significantly reduced and most of the cells were located at the implanted site. Most importantly, CRAd-S-pk7 loading appeared to have had minimal or no effect on the viability of the carrier cell as measured by the number of GFP-positive HB1.F3-CD cells present in the section of animal brains at day 5 and day 12 post implantation (Figure 3b ). Also to be noted: NSCs were not detectable in the contralateral hemisphere (NSCs were implanted on the right side). At day 17 of post implantation, the NSCs were undetectable in animal brains via immunohistochemical analysis.
Distribution of CRAd-S-pk7-loaded HB1.F3-CD in nude mouse brain bearing orthotropic U87 human glioma xenograft Next, the adenovirus loading effects on the NSCs' engraftment, distribution and survival were examined in the animal brain bearing a human glioma xenograft. On day 1, the distribution was very similar to the animal brain without any tumor as cells clumped at the injection site ( Figure 4a ). On day 5, implanted cells were distributed around the tumor (Figures 4a and b) . Again, we did not observe any NSCs migrating to the hemisphere contralateral to the implanted hemisphere. The total number of NSC-GFP-positive cells that surrounded the U87 xenograft did not differ between infected vs non-infected NSC, showing no difference in cell survival (Figure 4c ). After 12 days post implantation, the viability of NSCs drops to 1 NSC/high-power field for both infected and non-infected and became undetectable at 17 days post implantation. Taken together, we conclude that loading oncolytic virus into NSCs had a minimal effect on their viability and engraftment capacity in vivo.
In vivo delivery of the therapeutic CRAd-S-pk7 virus by the HB1.F3-CD carrier cell To assess the clinical relevancy of our carrier-based oncolytic virotherapy, we next investigated virus hand off ability and the IC distribution of the therapeutic virus in vivo. The HB1.F3-CD cells infected with CRAd-S-pk7 virus were implanted in the brain of nude mice bearing U87 human xenograft tumor as described Infectious adenoviral progeny was determined in the tissues of injected animals at the indicated time points. NA, means that such tissue was not available for the indicated animal at that specific time point.
previously. Mice were killed at days 1 and 5 post implantation, and the animal brains were subjected to immunohistochemical analysis for GFP (carrier cell specific) and adenoviral hexon protein. As shown in Figure 5a , implanted carrier cells were clumped together at the injected site at 24 h post implantation. At 5 days post implantation, the carrier cells surrounded the tumor and, most importantly, the GFP-negative tumor cells were positive for hexon staining (Figure 5a, right panel, arrows) . Taken together, these data indicate that carrier cells loaded with CRAd-S-pk7 are able to hand off the therapeutic virus to their surrounding tumor cells. Glioma foci/microsatellites can be located further away from the initial implanted site of the therapeutic NSC, and loaded NSCs will have to migrate longer distances before delivering the payload. To examine whether CRAd-loaded HB1.F3.CD can migrate to disseminated tumor foci and deliver the therapeutic payload effectively, we first established HB1.F3.CD cells stably expressing F-luciferase (Luc) gene by lentivirus-mediated transduction. We then loaded the HB1.F3.CD-Luc cells with 50 i.u. per cell of CRAd-S-pk7 and implanted the cells in the contralateral hemisphere of the U87 xenograft-containing animals (Figure 5b ). As shown in Figure 5c with bioluminescence imaging, at 72 h post implantation adenovirus-loaded HB1.F3-CD.Fluc cells were able cross the midline and migrate to the contralateral hemisphere. Animals were killed and the brain tissue was subjected to immunohistochemical analysis for adenovirus hexon-positive HB1.F3.CD cells in the U87 tumor foci stained with human-specific anti-CD44 antibody (Figure 5d -ii). We observed Ad hexon-positive cells in the xenograft tumor foci located in the contralateral hemisphere, indicating that implanted CRAd-loaded HB1.F3.CD cells were able to migrate to the distance tumor foci and deliver the therapeutic payload (Figure 5d i--iii).
Carrier cell delivery reduces off-site levels of adenoviral titers Next, we evaluated IC distribution of CRAd-S-pk7 post implantation, either of the naked virus-or virus-loaded HB1.F3-CD cell carrier, in a nude mice brain bearing human glioma xenografts. Five animals from each group were killed at 4, 7 and 14 days post implantation and were subjected to viral distribution analysis by examining the presence of the viral DNA as well as infectious progeny. As shown in Figure 6a , the amount of infectious viral particles recovered from both the injected and the contralateral hemisphere of the animal brains that received naked CRAd-S-pk7 virus was very similar. On the other hand, when the therapeutic virus was delivered loaded into carrier cells, the viral distribution was more robust (about 2-log greater) and localized at the injected hemisphere ( Figure 6b ) as compared with the contralateral hemisphere (**Po0.01). As shown in Table 1 , the infectious viral progeny was recovered in two out of five animal brains from the contralateral non-injected hemisphere (Figure 6d 
Evaluation of IC viral distribution in the semi-permissive cotton rat and hamster model
To examine the adenovirus replication in immunocompetent semi-permissive hosts, cotton rat and hamster animal models, a previously established quantitative real-time PCR protocol was utilized to monitor viral DNA copies over time. 21 In both hamster and cotton rat models, adenoviral replication was predominately localized at the injection site (right hemisphere) and over time the viral replication gradually decreased to less than 100 copies of E1A (Figure 7a ). The recovered adenoviral E1A copies on the noninjected left hemisphere were about 2-log lower as compared with the injected site. Moreover, we could detect infectious progeny only from the injected right hemisphere ( Table 1 ). The liver was the only organ outside of the brain where viral replication was detectable up to 7 days post implantation. In other organs, viral DNA was only detectable at 24 h post implantation. In addition, we did not detect any infectious progeny in hamster or cotton rat sera (Table 1) . To investigate whether loaded NSCs were migrating away from the original injection site, we relied on a highly sensitive, nested PCR-based method that could detect DNA from a single HB1.F3-CD cell in 100 ng of host DNA (Supplementary Figure S2 ). By using this method we were able to detect HB1.F3- Supplementary Figures 3a, b) . The HB1.F3-CD signals were only detectable at 24 h post implantation. HB1.F3-CD distribution in the tissue of implanted brains was very similar to what we observed in the nude mice experiments. Both CRAd-loaded and -unloaded HB1.F3-CD cells were predominately found clumping together at the injected sites after 1 day of implantation (Figure 7d ). However, we could not identify any viable HB1.F3-CD cells at 7 days post implantation. Taken together, we observed that carrier cells were only detectable in the implanted hemisphere of the animal brains at 24 h post implantation.
CD-specific v-myc PCR signal in the implanted right hemisphere of the brain in both of the animal models (Figures 7b and c and
DISCUSSION
Virus-infected cells can serve as delivery vehicles to improve adenovirus distribution in tumors, hide the virus from the host immune system and function as in situ virus-producing factories that generate oncolytic virus progeny at the tumor beds. Specifically, cells with inherent tumor-tropic properties are a very attractive candidate for the anti-glioma oncolytic virotherapy carrier system. NSCs constitute one such carrier system that has demonstrated unique tropism toward brain neoplasia in animal models. This phenomenon was shown first by Aboody et al., 22 who used engrafted immortalized NSCs, HB1.F3-CD, to selectively deliver therapeutic agents to invasive satellite tumors. In the last decade many studies have shown that NSCs expressing/carrying the therapeutic payload have anti-glioma activity and based on these promising results, the FDA has recently approved the HB1.F3-CD immortalized stem cell line for a clinical trial. 23 Our lab was one of the first to study the advantages of using stem cells as carriers for oncolytic adenoviruses. In that regard, we have studied the carrier properties of both mesenchymal stem cells and NSCs. 15, 16 We found that both of these carrier systems can be loaded with adenovirus and increase its distribution to the tumor site by acting as microfactories for virus replication. Also, we have shown that stem cell carrier systems not only hide the payload from the immune system but also have the capability to suppress anti-viral innate immune responses. 18, 24 This allows for enhanced dissemination, increased persistence of adenovirus and can result in enhanced therapeutic benefits. Moreover, we recently demonstrated that delivery of oncolytic adenovirus in the orthotropic human glioma xenograft model via NSCs can improve the median animal survival by B50%. 17 Nevertheless, such carrier systems need to be optimized before undergoing clinical testing.
Any new therapeutic intervention must go through rigorous pharmacological evaluation before it can translate into a clinical setting. Accordingly, we set out to characterize the pharmacokinetic properties of glioma-tropic oncolytic adenovirus-loaded HB1.F3-CD carrier system in three different animal models: nude mouse, hamster and cotton rat. We show that NSCs can be loaded with CRAd-S-pk7 and release new infectious progeny that can effectively lyse glioma cells. We observed that when injected in mice brains bearing human glioma xenograft, NSCs loaded with CRAd-S-pk7 home to glioma and hand off therapeutic adenoviral payload to tumor cells. In models permissive to adenovirus replication, hamster and cotton rat, we detect high adenoviral E1A replication only at the injection site. Furthermore, adenoviral replication declines and becomes barely detectable over 30 days. On the other hand, we detect implanted NSCs only at the injected hemisphere for less than a week. Thus, data presented in this report argue in favor of the possible future utilization of a NSCbased carrier to enhance the therapeutic potential of the antiglioma oncolytic virotherapy.
The clinical outcome of any cell carrier system for oncolytic virotherapy relies on proper synchronization of three critical steps in both space and time. 25 The ideal carrier cell should (i) be easily infected with the therapeutic virus; (ii) produce high levels of progeny that can infect target tumor cells and (iii) be relatively resistant to oncolytic virus-mediated toxicity. Even though the HB1.F3-CD cell carrier system express a very minimal amount of the primary adenovirus attachment receptors (CAR; Figure 1a ), they express high levels (50%) of CD138 (syndecan), a heparan sulfate proteoglycan receptor that binds to the polylysine residues (pk7) of modified CRAd-S-pk7 fibers. The adenoviral internalization into target cells is mediated by the integrin family receptors avb3 and avb5, and almost 91.2% of HB1.F3-CD cells express avb5 on their surface. Once internalized, the virus starts replicating its genome within 24 h and gradually increases over time (Figures 1d  and 2a ). The cell associated infectious progeny reached its maximum at day 5 post infection, whereas the cell-free virus titer reached its peak at 1 Â 10 9 i.u. ml À1 after 7 days of infection (Figure 2a ). The fundamental objective of the ex-vivo loading phase is to productively load/infect as many cell carriers as possible with a minimal exposure to the therapeutic virus. With the loading dose of 50 i.u. per cell, we observed the maximum amount of viral DNA replication and only about a 25% decrease in the carrier cell viability at 120 h post loading (Figures 1b and c) . On the basis of this data, we selected a loading dose of 50 i.u. per cell to use in all our future experiments. For our system, the infection of HB1.F3-CD cells in suspension with the CRAd-S-pk7 at a loading dose of 50 i.u. per cell lead to the infection of almost 100% of carrier cells after a period of 2 h (Figures 1e and f) . It is probably necessary to optimize the ex-vivo loading capacity of each carrier cell/oncolytic virus pair system as it is governed by the oncolytic virus life cycle within the particular cell type used for delivery; for example, the standard infection protocol for vesicular stomatitis virus infection specify a shorter (1 h) loading time for vaccinia virus. 25 An effective cell carrier system must be able to produce high quantities of infectious progeny upon arrival at the tumor site. HB1.F3-CD cells loaded/infected with 1 i.u. per cell of CRAd-S-pk7 virus produced sufficient amounts of infectious progeny to induce oncolysis on human glioma cell lines (Figures 2b and c) . Moreover, loaded cells produced high intratumoral levels of progeny at the tumor site that were similar to naked CRAd injection (Figures 6c  and d ). Most importantly, IC delivery of the oncolytic adenovirus loaded into HB1.F3-CD significantly decreased the unwanted distribution of therapeutic virus out of the animal brain (***Po0.001), thus reducing the vector-related toxicity (Figure 7a ). Our lab has previously shown that cell carriers can deliver CRAd-S-pk7 to the tumor site when injected at a distance from the tumor. 15, 16 We have further shown that NSCs tumortropic properties are not diminished by the loading/infection of oncolytic adenovirus. 17 The timing of the oncolytic viral life cycle is a crucial determinant of maintaining the tumor-homing ability of the carrier cells. To achieve true 'targeted-delivery' of the therapeutic virus, the carrier cell must accumulate in tumor beds before the viral progeny are released. According to our in vitro observation, the viral progeny released from the HB1.F3-CD carrier cell peaked at day 7 post loading (Figure 2a ), therefore carrier cells should ideally reach the tumor site before this time. Based on our previous study, a majority of the tumor-specific migration of NSCs occurred within 24--48 h post implantation. 17 Therefore, the replication cycle of CRAd-S-pk7 oncolytic virus in the HB1.F3-CD should accommodate the tumor-homing ability of this carrier system.
The preclinical characterization of most oncolytic adenovirus vectors have thus far been restricted to human xenograft models in immunodeficient mice. Although these immunodeficient mice can serve as valuable models to evaluate the therapeutic efficacy of adenovirus-based oncolytic vectors, the virus does not replicate in mouse tissue, and therefore prevents us from being able to vigorously evaluate safety and vector-related toxicity. On the other hand, semi-permissive animal models to adenovirus replication, such as cotton rat and hamster, have proven to be very useful for studying oncolytic adenovirus safety profiles. 26--28 Accordingly, we characterized the CRAd-S-pk7 biodistribution and safety profile after IC delivery of loaded NSCs in these immunocompetent animal models. To assess the distribution of both the adenovirus and carrier cell we relied on very sensitive PCR methods (Supplementary Figures S1 and 2) . Both models show similar distribution of NSCs and CRAd-S-pk7. NSCs are found only at the injection site without any non-specific migration. However, we observed a decreased amount of the non-specific spread of CRAd when delivered with the carrier cell system, as evidenced by the 2-log lower adenoviral titers in the contralateral hemisphere (Figures 6b,  c and 7a ). It has been previously reported that after IC delivery the oncolytic virus can spread throughout the brain because of the presence of media such as cerebro-spinal fluid. 29 However, this may be less of a concern as compared with other target tissue, such as the liver, as the effect of neutralizing antibody appears to be far weaker in the brain due to the distinct nature of the immune system in the central nervous system. 30, 31 Moreover, reports from early clinical trials with adenovirus vector-based antiglioma gene therapy have uniformly reported sufficient tolerability and the absence of serious adverse events. 32 In our study, after the delivery via carrier cells, adenovirus replication in the brain decreased to barely detectable levels over 30 days. Also, very low levels of adenovirus E1A copies were detected in the other harvested organs (Figure 7a ) and none of the animals implanted with NSC-loaded CRAd-S-pk7 showed any sign of systemic toxicity.
Taken together, we conclude the IC injection of adenovirus-loaded NSCs appears safe in all three tested animal models with no adverse side effects observed. In our experience, even though cotton rats were able to support oncolytic adenovirus replication more effectively than hamsters, 21 they are more aggressive and difficult to handle during any surgical procedure. 33, 34 Most of the preclinical studies on the efficacy of NSC-based antiglioma therapeutics have been evaluated to target disseminated tumor sites beyond the primary tumor in small animal models. However, can NSCs withstand the test of distance and deliver to metastatic sites far away from the site of injection in a human brain? The failures of gene therapy can be undoubtedly linked to inaccessibility of optimal animal models that recapitulate human GBM and therefore we should be cautious when attempting to translate our findings into clinical trials. For example, it becomes imperative to study the efficacy of virus-loaded cell carriers in animals with larger brains and therefore larger-sized tumors than nude mice. As one of the possible options, a spontaneous GBM model in the brachycephalic canine breeds has been reported. 35 Figure 5 . In vivo hand off of CRAd-S-pk7 from NSCs to glioma cells. (a) Nude mice harboring orthotopic U87 malignant glioma in the right hemisphere were injected with HB1.F3-CD-GFP cells loaded or not with CRAd-S-pk7, using the same burr hole. In vivo CRAd-S-pk7 hand out from infected GFP-labeled HB1.F3-CD to U87 glioma cells was detected via immunohistochemistry. A representative area within the tumor where hand out of CRAd-S-pk7 is evident (*) was magnified and shown in the right panel. Cells that are positive for both GFP and hexon (arrowheads) represent infected HB1.F3-CD that are releasing adenovirus; whereas hexon-positive, GFP-negative, 46-diamidino-2-phenyl indole (DAPI) positive (arrow) represent glioma cells infected with adenovirus. To show that loaded NSCs can travel longer distances and still successfully deliver adenovirus, we injected CRAd-S-pk7-loaded HB1.F3-CD.Fluc in the contralateral hemisphere (b). Migration of NSCs was visualized via photonflux imaging at 72 h (c). (d) To show that migrating NSCs were still replicating and releasing adenovirus animals were killed at 72 h post NSC injection; we stained tumor-containing sections with antibodies for adenovirus hexon (i) and human CD44 (ii) to evidentiate human glioma cells. Bars: 100 mm. Tu, tumor.
Canine GBM is highly invasive and mimics human GBM characteristics such as necrosis with pseudopalisading, neovascularization, and endothelial proliferation. 36 The most important aspect of the canine model is its comparable brain size to humans. This characteristic is essential for a good preclinical model to precisely assess such pharmacokinetic properties as toxicity, dosage, side effects, as well as more accurately measure delivery strategies.
Furthermore, the therapeutic efficacy of most anti-glioma gene therapeutic approaches are commonly evaluated in immunocompromised animal models using xenogenic cell lines post transplantation with only a short interval of time between engraftment and treatment. The circumstances in human GBM completely differ as tumor initiation is usually sporadic and clinical symptoms can be observed months to years after initial establishment of tumor, resulting in increased heterogeneity. Moreover, when a carrier cell system is injected into animal models, such as the one used in our study, it becomes vulnerable to the immune response generated toward any foreign antigen. We observed the effects of such an immune response when we noticed a rapid decline of implanted stem cell numbers in the immunocompetent cotton rat and hamster models over time (Figures 7b--d) . As a result, the NSC viability is even more affected in immunocompetent animal models as compared with immunocompromised nude mice (Figures 3 and 4 ). In the clinical setting, we do expect to encounter some degree of immune response toward the stem cell-based carrier as the immortalized HB1.F3.CD cell line will be mismatched to human leukocyte antigens and thus will be allogeneic to glioma patients. Despite low expression of major histocompatibility complex class II and co-stimulatory molecules, in vitro allorecognition of NSCs by peripheral blood lymphocytes has been reported. 37, 38 These observations do argue in favor of the use of readily available autologous NSC sources. However, there are some serious limitations to currently available technologies for isolating and expanding autologous NSCs in culture to produce a sufficient number of viable cells for a successful transplantation. If grafting of the carrier cell becomes an issue in the clinical setting, we may have to consider utilization of immunosuppressive drugs to prolong the half-life of the therapeutic NSCs.
Although, the HB1.F3-CD cell line per se has been approved by the FDA for clinical trials in recurrent glioma (NCT01172964), nevertheless the human immune system may impact the viability of adenovirus-loaded cells as patients will have antibodies toward adenoviral antigens. Taking this into consideration, our study has led us to expect such an immune response to be less robust as compared with direct adenovirus injection. 18 Most currently, available cancer gene therapies have failed to sustain anti-tumor effects in the tumor microenvironment long enough to achieve clinically relevant therapeutic efficacy. 39 This is partly due to the mounting of a host immune response against the administered therapeutic agents. A wealth of preclinical data suggest that in-vivo transplanted NSCs can function as immunosuppressants. 40 Results from several studies in both rodent and non-human primate models of experimental autoimmune encephalomyelitis indicate that NSCs transplanted by either intrathecal or intravenous injection promote bystander immunodulation within the central nervous system via the release of various soluble molecules. 40, 41 We reported that CRAd-loaded NSCs transiently secret immunosupressive cytokines interleukin-10 and significantly reduced CRAd-mediated central nervous system injury. 17 This immunosuppressive quality of NSCs is a very attractive attribute for a cell carrier given that it will allow therapeutic payloads such as oncolytic viruses to be shielded from host immunosurveillance. Therefore, we propose that our delivery system would prove safer than the direct virus injection into the tumor.
In summary, we have demonstrated that a NSC-based cell carrier can significantly improve the safety and biodistribution profile of the anti-glioma oncolytic virotherapy in an animal model. Such a carrier system has shown the ability to support the delivery of a similar dose of therapeutic virus at the implanted site, as compared with a naked virus, and also reduce the leaky distribution of the virus throughout the animal brain. Moreover, we compare nude mouse, cotton rat and hamster animal models to evaluate the pharmacological and safety profiles of the cellbased oncolytic virotherapy. This information will be useful to other investigators who are interested in utilizing the cell carrier approach to achieve targeted delivery of oncolytic virus to metastatic tumor burdens in cancer patients and translating cell carrier-based oncolytic virotherapy to the clinic. Figure 7 . Biodistribution of CRAd-S-pk7 and HB1.F3-CD in hamsters and cotton rats. (a) Animals were injected intracranially (right hemisphere) with HB1.F3-CD cells loaded with CRAd-S-pk7 and killed at the indicated time points (n ¼ 6 per time point). Brains and other organs were harvested and adenovirus biodistribution was evaluated using real-time PCR for E1A. HB1.F3-CD IC distribution in hamster (b) and cotton rat (c) was evaluated by using a highly sensitive two-step nested PCR for v-myc. The presence of NSCs in each hemisphere was analyzed separately: right (R) vs left (L). For DNA loading control, in the nested PCR, we used a housekeeping gene (GAPDH). (d) IC distribution of the HB1.F3-CD carrier cells loaded or not with CRAd-S-pk7 after injection in hamster brains. Animals were injected intracranially (right hemisphere) with HB1.F3-CD cells loaded or not with CRAd-S-pk7 and killed at the indicated time points (n ¼ 3 per time point). Bars: 400 mm (H&E); 100 mm (immunohistochemistry). H&E, hematoxylin and eosin; ND, none detected.
